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Introduction
In the field of supramolecular chemistry research, a great deal of effort has been exerted in attempts to model or mimic biological processes carried out in vivo for the selective transport of metal cations or neutral molecules. Alkali and alkaline metal ion transport in biochemistry is a vital process in the maintenance of cell membrane potential (as in the case of nerve signal transduction), and is at the core of some of the early works on artificial ionophores that mimic natural ion carriers, such as valinomycin (Fyles, 1990) .
A variety of synthetic carriers (ionophores), such as crown ethers, cryptands, and podands, are known to transport metal ions selectively across various liquid membrane configurations, and are widely applied in the membrane separation and in ion selective electrodes (Koreyta, 1982) .
One of the derivatives of crown ethers containing redox-switchable moiety was first synthesized by Sugihara et al. (1981) and highlighted by Echegoyen et al. (1989) . The redox-switchable ionophores that are selective and electrochemically responsive to specific alkali metal cations have been synthesized though the incorporation of a variety of redox active centers, such as thiadiazole heterocycle, thiol derivatives, ferrocenes, nitro benzene, and quinones, into macrocyclic structural frameworks based on crown ethers, cryptands, and calixarenes (Beer et al., 1999) . These redox active ionophores have noteworthy applications in the design of sensor systems (Janata, 1990) and electrochemically driven ion transport (Saji and Kinoshita, 1986) .
A thorough investigation in our laboratory has been done on redox-switchable lariat ethers derived from anthraquinone for their ability to extract and transport alkali and alkaline metal ions as well as neutral molecules across supported and bulk liquid membranes (BLMs) (Tomar et al., 2008; Vani et al., 2010) .
With the aim of determining the transport abilities and selectivities of the redox-switchable naphthaquinone-derived ionophores (D 1 -D 5 ), we report their carrierfacilitated transport of metal ions (Li 
Results and discussion

Optimization of metal salt and the ionophores
The optimum concentration of the ionophores and metal salts obtained was 1.0 × 10 − 2 m. (Figure 2 ), whereas Na + is transported to the highest extent by D 3a (Figure 3 ). This finding can be attributed to the presence of a flexible and long triethyleneglycol chain in D 4a and the possession of a more lipophilic -OC 4 H 9 end group by D 4a , which facilitates the increasing rate of transport compared with the -OC 2 H 5 end group. It is due to the high hydrophobicity of D 3a increases the transport rate and the availability of six donor oxygen atoms, which are suitable for binding Na + (Scheme 1).
Transport ability of the ionophores
Roles of the cyclic and acyclic skeletons of the ionophores
The (Figure 1 ).
Variations in end groups of the ionophores (D 3 -D 4a )
Both D 3 and D 3a have a small chain of diethylene glycol along with the end groups -OC 2 H 5 and -OC 4 H 9 , respectively. Transport ability increases when we switch from D 3 to D 3a , indicating that transport ability increases along with the linear increase in size of the end group. Similar behaviors can be observed when comparing D 4 and D 4a with comparatively long chains of triethylene glycol associated with the end groups -OC 2 H 5 and -OC 4 H 9 , respectively. We find that D 3 is not a selective carrier for any cation being studied because of its high uptake rate of cations rather than their release. In addition, because D 4 possesses a long triethyleneglycol chain, it is not a good carrier for all the metal ions, which can be explained by its average extraction ability for all metal ions; hence, it is neither a good extractant nor a good transporter (Anchaliya and Sharma, 2012) .
Overall, the carrier ability of the ionophores is enhanced in their reduced state rather than in their oxidized state. This can be attributed to the formation of anion and dianion, which is a result of reduced quinone moiety (Sugihara et al., 1981) . The quinone moiety present in the ionophores not only acts as a redox center but also as a ligating site.
Correlation between the lipophilicity of the ionophores and their carrier ability
Hydrophobicity (also known as lipophilicity) is a very important indicator of transport and permeation through membranes. An octanol-water partition coefficient (log P) is a measure of compound hydrophobicity. The transport profiles clearly show that the lipophilicity of the ionophores significantly affects their transport ability. Hence, owing to the higher lipophilicities of D 3a and D 4a compared with D 3 and D 4 , respectively, we find that their transport efficiency is expressed in the following order: D 3a ≥ D 3 and D 4a ≥ D 4 . Table 4 lists the calculated log P of the synthesized ionophores.
Competitive transport
To check the metal ion carrier properties of the ionophores (D 1 -D 5 ) and the effects of coexisting metal ions over the Table 5 illustrate that the overall selectivity ratio in competitive transport studies of the binary mixtures of Na + /K + and Mg 2 + /Ca 2 + is increased compared with that in a single-ion transport.
The order of selectivity ratio for the binary mixture of metal salts is tabulated in 
Conclusions
It is inferred from studies that suitable structural features as well as nature of cation directs the recognition of ionophore towards a cation. The results depict that all the redox-switchable naphthaquinone-derived ionophores possess the highest carrier efficiency for Mg 2 + compared with those over Li + , Na + , K + and Ca 2 + . Overall, the acyclic ionophores show good carrier ability compared with the cyclic ionophores. In the case of the acyclic ionophores, a comparison of the size of the end-group shows that the transport ability increases with a linear increase in the size of the end-group. The lipophilicity of ionophores significantly affects their transport ability. The increase in selectivity ratio of ion pairs for the ionophores in competitive transport is monitored and compared with that in single-ion transport studies. We find that the presence of quinone redox moiety in the ionophores leads to enhancement of their carrier ability in a reduced state than in an oxidized state. Our findings on these cation carriers will help define the inherent abilities of these compounds to bind and transport a variety of cations. Furthermore, the selective and good transport of Mg 2 + by D 1 reveals its scope in molecular devices for sample preparation, whereas the poor but selective transport of Mg 2 + by D 4a and D 5 demonstrates their applications in sensors.
Experimental section
The naphthaquinone-derived redox-switchable ionophores (D 1 -D 5 ) were synthesized based on the scheme given by Echegoyen (Delgoda et al. 1988) . A similar process for preparing redox-switchable ionophores containing anthraquinone moiety has been reported in previous works (Awasthy et al., 2006; Bhatnagar et al., 2008; Vyas et al., 2008) . The reaction pathway is shown in Scheme 1. The techniques used for the characterization of the ionophores were melting point, thin layer chromatography, Fourier transform infra red spectroscopy and proton nuclear magnetic resonance ( 1 H NMR) spectral analysis, and electrospray ionisation mass spectrometry. Carbon hydrogen Table 6 : Selectivity ratio for binary mixture of metal salts.
Binary mixture
Order of selectivity ratio The metal picrates were prepared following a previously reported method (Lokwani and Sharma, 2008) . Past studies have also presented the extractability of D 1 and D 2 (Anchaliya and Sharma, 2013) and of D 3 -D 4a (Anchaliya and Sharma, 2012) .
Materials and instruments for BLM transport studies
A magnetic stirrer, a Teflon-coated capsule for stirring, and a "U"-shaped glass cell (for BLM) were used. In addition, NaOH and Zn metals were used as agents for the reduction of ionophores. The reagents used for synthesis and transport studies were of analytical grade and used without further purification.
Method for BLM transport studies
Transport experiments were carried out following a previously reported method (Bhatnagar et al., 2008) To determine the carrier ability in the absence of the ionophores, blank experiments were carried out, which resulted in the non-transport of ions from the source to the receiving phase. 
